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Abstract. Climate change will impact agricultural produc-
tion both directly and indirectly, but uncertainties related to
likely impacts constrain current political decision making
on adaptation. This analysis focuses on a methodology for
applying probabilistic climate change projections to assess
modelled wheat yields and nitrate leaching from arable land
in Denmark. The probabilistic projections describe a range
of possible changes in temperature and precipitation. Two
methodologies to apply climate projections in impact mod-
els were tested. Method A was a straightforward correction
of temperature and precipitation, where the same correction
was applied to the baseline weather data for all days in the
year, and method B used seasonal changes in precipitation
and temperature to correct the baseline weather data. Based
on climate change projections for the time span 2000 to 2100
andtwosoiltypes, themeanimpactandtheuncertaintyofthe
climate change projections were analysed. Combining prob-
ability density functions of climate change projections with
crop model simulations, the uncertainty and trends in nitro-
gen (N) leaching and grain yields with climate change were
quantiﬁed. The uncertainty of climate change projections
was the dominating source of uncertainty in the projections
of yield and N leaching, whereas the methodology to sea-
sonally apply climate change projections had a minor effect.
For most conditions, the probability of large yield reductions
and large N leaching losses tracked trends in mean yields and
mean N leaching. The impacts of the uncertainty in climate
change were higher for loamy sandy soil than for sandy soils
due to generally higher yield levels for loamy sandy soils.
There were large differences between soil types in response
to climate change, illustrating the importance of including
soil information for regional studies of climate change im-
pacts on cropping systems.
Correspondence to: C. D. Børgesen
(christen.borgesen@agrsci.dk)
1 Introduction
Biophysical processes of agroecosystems are strongly af-
fected by environmental conditions. The projected increases
in greenhouse gases will affect agroecosystems either di-
rectly (primarily by increasing photosynthesis at higher CO2
concentrations; Long et al., 2006) or indirectly via effects on
climate (e.g., temperature and precipitation affecting several
aspects of ecosystem functioning, Olesen and Bindi, 2002).
The exact responses depend on the sensitivity of the particu-
lar ecosystem and on the relative changes in the controlling
factors.
Many studies haveassessed effects of climatechange (CC)
on agricultural productivity in Europe (e.g., Harrison et al.,
2000; Maracchi et al., 2005; Olesen et al., 2007, 2011;
Challinor et al., 2009). Much fewer studies have attempted
to quantify the effect of the uncertainty of the climate change
projections on crop production. Such assessments are needed
to properly identify the changes required to agricultural pol-
icy to account for CC.
Increasing the atmospheric CO2 concentration stimulates
yield of C3 crops and to a lesser extent C4 crops (Fuhrer,
2003). However, recent estimates of the yield beneﬁt from
increasing CO2 are smaller than earlier ones (Ainsworth and
Long, 2005; Tubiello et al., 2007), and the average annual
increase over the next decades is marginal compared with
what has been achieved through conventional crop manage-
ment and breeding (Berntsen et al., 2006).
Increasing temperatures affect crops primarily via plant
development. With warming, active growth starts earlier,
plants develop faster, and the potential growing season is ex-
tended. This may have the greatest effect in colder regions.
However, increased temperatures reduce crop duration. In
wheat, anincreaseby1 ◦Cduringgrainﬁllinghasbeenfound
to reduce the length of the grain-ﬁlling phase by 5%, and
yield declines by a similar amount (Olesen et al., 2000; Kris-
tensen et al., 2011). The effect of increased temperature
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leading to yield reductions will often be more than coun-
terbalanced by the effect of increased CO2 on crop photo-
synthesis. For moderate changes in temperature and rainfall,
the combination of both climate and CO2 effects will lead
to small to moderate yield increases compared with yields
simulated for the present situation (Ghaffari et al., 2002; van
Ittersum et al., 2003).
Climate changes also have an impact on some environ-
mental aspects of crop production. Nitrate that leaching from
farmland, under current climatic conditions, has a large im-
pact on the aquatic environment and on the natural life in the
aquatic ecosystems (Kronvang et al., 2005). The risk is espe-
cially high where ﬁeld drainage is through tile drains. Nitrate
leaching from the root zone is a function of the concentra-
tion of mineral nitrogen (N) in the soil water and the amount
of excess water percolating through the soil proﬁle. Large
amounts of precipitation during autumn and winter increase
the percolation rates, which increase nitrate leaching (Sim-
melsgaard, 1998) to the level where the nitrate concentra-
tions are diluted. Temperature and radiation affect soil tem-
perature, which in turn inﬂuences the mineralization of soil
organic N (Turner and Henry, 2009; Thomsen et al., 2010).
High mineralization rates in autumn and winter, combined
with little crop N uptake and high percolation, will increase
the risk of nitrate leaching. Nitrate leaching is also strongly
dependent on crop rotation, crop management and N fertil-
ization rate, and CC effects on these factors will, therefore,
also affect N leaching (Jeppesen et al., 2011).
Coupled Atmosphere-Ocean General Circulation Models
(AOGCMs) are widely used for CC projections on both
global and regional scales (Mearns et al., 2001). Different
methods to ascertain the uncertainty in projections of key
climate parameters have been reported (Murphy et al., 2007,
2009). In our analysis, we use a probabilistic approach to
impact assessment, in addition to a methodological analy-
sis of uncertainties associated with applying climate change
projections. Having a probabilistic description means that
impacts can be expressed in terms of the risk of certain out-
comes being exceeded at certain times in the future, which
may be applied to analysing probability of having crop yields
that are too low to be economically viable (Luo et al., 2007).
However, as argued by Olesen et al. (2007), the uncertainties
of the methods used to apply climate model output can play a
larger role than the uncertainty associated with the different
GCM or regional climate model (RCM) projections.
The aim of this study is to propose and evaluate a method-
ology to estimate mean effects and the uncertainties associ-
ated with probabilistic projections of CC on crop production
and N leaching. There are additional uncertainties associ-
ated with the impact model used, but this is not included
here. The speciﬁc objectives are (i) to develop a comprehen-
sivemethodforanalysingtheeffectofprobabilisticprojected
CC on winter wheat yields and N leaching; (ii) obtaining the
uncertainty in projections and the probabilities of exceeding
critical thresholds of N leaching and wheat yields based on
the uncertainty of CC projections representing the time span
2000 to 2100. The study of Harris et al. (2010) provided
CC probabilistic projections for the analysis from an emu-
lator that samples the uncertainty space on a regional scale
(300×300km grid scale) and produces stochastic estimates
of temperature and precipitation change.
2 Materials and methods
2.1 Crop model
To obtain nitrate leaching and crop yield response sur-
faces, we used the soil-water-crop-atmosphere model Daisy
(Hansen et al., 1991; Abrahamsen and Hansen, 2000). The
model is a one-dimensional mechanistic and deterministic
model, simulating crop and soil processes as affected by en-
vironmental conditions. The model simulates the water bal-
ance, N balance and losses, soil organic matter turnover and
crop growth and yield from information on soil, weather and
management. The model has been validated on independent
datasets with good results (de Willegen, 1991; Diekkr¨ uger et
al., 1995; Smith et al., 1997).
The parameterisation of the Daisy soil organic matter
(SOM) model was revised based on the carbon content of
Danish long-term ﬁeld experiments (Bruun et al., 2003). The
revised parameterisation takes into account higher C input to
soil (includes rhizodeposition), and the turnover rates of soil
C are adjusted in order to reﬂect especially the medium-term
turnover observed experimentally. This revised parameteri-
sation better resembles the trends in soil organic matter con-
tent of Danish arable farming systems than the original pa-
rameterisation (Olesen et al., 2004) and was, therefore, used
in the present study.
The photosynthesis in Daisy is calculated using a light sat-
uration response curve. However, the effect of CO2 concen-
tration is not included in the standard Daisy model. As CO2
concentration is linked with CC and affects both photosyn-
thesis and transpiration, we have changed the Daisy parame-
ters controlling: (1) Saturated photosynthesis rate; (2) N con-
centrations of all vegetative plant organs; and (3) Potential
transpiration. Appendix 1 describes in detail the changes in
parameterisation dealing with the effects of changes in CO2
concentration.
2.2 Projected climate change and meteorological data
Daily meteorological data are needed as input in the Daisy
simulations. Daily meteorological (observed) data interpo-
lated to a 50×50km grid across Europe were extracted
for the period 1976–2005 from the MARS-STAT database
(Genovese, 2004). The grid box values for the grid cov-
ering northern Fuenen in the centre of Denmark were used
as baseline in this study, and for producing meteorologi-
cal datasets characterising the variation of projected future
climatic conditions. The data include global radiation, air
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Fig. 1. Projections of annual mean change in temperature and pre-
cipitation for Denmark for the years 2061–2080 for the A1B emis-
sion scenario (a), and the joint probability density function (PDF)
obtained based on number of observations within each 1◦C × 10%
cell (b). The scale for shading in (b) shows the percentage of ob-
servations in each of the 1◦C×10% cells (data from Harris et al.,
2010).
temperature, precipitation, wind speed and humidity. Ref-
erence evapotranspiration was calculated using the Penman
equation (Penman, 1956). Projected CC for the A1B emis-
sion scenario relative to 1961–1990 was provided by Har-
ris et al. (2010) representing uncertainties among and within
GCM projections of climate change. Gridded European data
on a 300×300km spacing were available, representing pe-
riods of 20yr: 2001–2020, 2011–2030, ..., 2081–2100. The
single datasets consist of 10000 “observations” of projected
changes in precipitation (%) and temperature (◦C), sampled
across the uncertainty space of GCM projections. Harris et
al. (2010) corrected the data lying outside the 1st and 99th
percentiles of temperature and precipitation change to val-
ues equal to the 1st and 99th percentiles, respectively. This
was done to remove the effect of distant outliers, which have
reduced conﬁdence.
Two types of projection data were available: mean pro-
jections on an annual timescale and mean projections on a
seasonal timescale (four seasons; winter (Dec–Feb, DJF),
spring (Mar–May, MAM), summer (Jun–Aug, JJA) and au-
tumn (Sep–Nov, SON)). Figure 1a shows an example of the
10000 projected changes in annual mean temperature and
precipitation for Denmark for the period 2061–2080. Based
on these projections, a joint Probability Density Function
(PDF) was generated by ﬁrst obtaining the probability of CC
for each grid cell (of dimensions 1 ◦C×10% change in pre-
cipitation) and then using these data as input in the interpo-
lation of the contour plot of the joint PDF (Fig. 1b). The
PDF contour plot gives a better visual impression of the dis-
tribution of projected changes (variability) than Fig. 1a and
an improved appreciation of the mean change in precipitation
and temperature.
Two different methodologies – method A (annual pro-
jected CC) and B (seasonal projected CC) – were tested for
applying CC projections in the simulation of grain yield and
N leaching. For both methods the range in CC presented in
the 10000 observations was used in the generation of ma-
trices of changes in temperature and precipitation. For each
of the methods A and B the matrix consisted of 42 meteo-
rological datasets. Each dataset was generated by systemat-
ically changing temperature and precipitation of the original
MARS-STAT dataset. We used steps of +1 ◦C from the mini-
mum to the maximum (0 to +7 ◦C) in the annual observations
of temperature change, and steps of ±10% from the mini-
mum to the maximum change in annual precipitation (−30%
to +30%). However, where projected CC did not span this
full range of changes in temperature and rainfall, the range
with reduced to capture the projected range plus the neigh-
bouring range. Thus, for the example in Fig. 1a this means
that the range was set to 1 to 7 ◦C change in temperature and
−20 to 30% change in precipitation.
For method A, the daily observed temperature and precip-
itation were changed by the same value all year round. This
is similar to the 1-change method by Olesen et al. (2007).
For method B, the meteorological data were changed us-
ing seasonal projected changes in precipitation and tempera-
ture. As the seasonal changes cannot be represented by two
dimensions as for method A (annual temperature change, an-
nual change in precipitation), but have four seasonal tem-
perature changes (DJF, MAM, JJA, SON) and four seasonal
changes in precipitation (DJF, MAM, JJA, SON), the total
number of dimensions will be 16. Simpliﬁcations of the pro-
jected CC were introduced to reduce the number of com-
binations to 2 dimensions. The seasonal projections were
normalised into the same number of combinations as for
method A, but instead of using annual changes, mean sea-
sonal changes in temperature and precipitation were added
to the daily meteorological data. This was done by: (1) clas-
sifying the CC data according to the mean annual change
in temperature and precipitation using the same steps as
for method A of +1 ◦C and ±10% precipitation; and (2)
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Fig. 2. Regression between the optimal N fertilizer rate and grain
yield of winter wheat at the optimal N rate. Based on simulated data
of Olesen et al. (2007).
calculating mean seasonal change in temperature and precip-
itation for each of the 42 combinations. To illustrate, mean
seasonal changes in precipitation were calculated from the
seasonal observations underlying each of the annual observa-
tions within each of the grids in Fig. 1a. The mean seasonal
changes were used to change temperature and precipitation
in the meteorological datasets.
Table 1 shows mean annual and seasonal temperatures and
precipitation for all projection periods. Before using the
data as input in the Daisy model, the precipitation was cor-
rected to apply to the soil surface with a mean +10% cor-
rection applied throughout the year according to Allerup et
al. (1998). The correction was found by comparing standard
meteorologicalmeasurementsofprecipitationat1.5mheight
with measurement at the soil surface, and is primarily caused
by turbulence effects around the measurement rain gauge at
1.5m height.
The projected CO2 concentrations for the A1B scenario
were taken from Houghton et al. (2001) as the ISAM model
results. This impacts the modelled photosynthesis rate, tran-
spiration and critical N concentrations in the vegetative parts
of the plant. A detailed description of how the Daisy model
parameters were modiﬁed, is given in Appendix A.
The ﬁrst six years of the meteorological data were used
as an initialisation period for the Daisy simulations of soil
water and organic matter contents and the last 24yr as the
result period. Projections of CC included only changes in
precipitation and temperature. Global radiation, wind speed
and humidity were kept unchanged as these parameters are
generally less affected by CC and because they mostly have
little impact on crop yield and N leaching.
We are aware that the baseline time series (1961–1990)
from which climate change was calculated (Harris et al.,
2010) is different from the MARS-STAT series (1975–2005),
Fig. 3. Mean simulated N leaching (kg N ha−1) (a and b) and
grain yield (Mg DM ha−1) of winter wheat (c and d) as contour
lines for loamy sand in Denmark for changes in temperature and
precipitation using method A (a and c) and method B (b, d). The
background shading shows the probability (%) of changes in air
temperature and precipitation during 2061–2080 for Denmark com-
pared to the baseline period 1961–1990. The simulations used the
CO2 concentration for 2070 (611ppm). The legend for the shading
is shown in Fig. 1.
but we assume that this has only a minor inﬂuence on the
trends in the simulations compared to other uncertainties. An
equally important issue is that the method of CC projections
applied here does not account for changes in frequency and
duration of droughts and intense precipitation events.
2.3 Crop management and soil types
Model simulations were run for continuous winter wheat on
two typical Danish soil types: Sand (S) (4% clay and 2.2%
organic matter in the topsoil, 60mm root zone water hold-
ing capacity, RZWC) and loamy sand (LS) (12% clay and
2.3% organic matter in the topsoil, 245mm RZWC). The
soils were assumed to be free draining and, thus, not af-
fected by high ground water table, nor were they irrigated.
The two soil types were used to illustrate potential soil type-
dependent differences in grain yield and N leaching response
to change in climatic conditions.
For each combination of soil type (S and LS), meteo-
rological datasets (42) and CC projection methodology (A
and B), the optimum N fertilization rate was initially calcu-
lated. A regression function describing the relation between
soil- and climate-potential yield and optimum N rate (Fig. 2)
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was used to calculate the optimum N rate. The regression
was found from simulations with ﬁve soil types, nine Eu-
ropean climates, and ﬁve N rates (50, 100, 150, 200, and
250kgNha−1) (Olesen et al., 2007). The maximum grain
yield was initially simulated at a high N rate (no simulated
N stress on crop yield) and subsequently the economical op-
timum N rate was calculated. Adjusting the N application
rate to track changes in grain yield due to changed climatic
conditions is an important assumption on adaptation to cli-
mate change that also affects the response of the simulated N
leaching under future climatic conditions.
Common farm management practice in relation to tim-
ing of sowing and fertilization was used in the simulations.
To adopt the effect of increased temperature on manage-
ment, the date of sowing was delayed by ﬁve days for ev-
ery 1 ◦C of temperature increase (Olesen et al., 2000). This
is to guard against too advanced crop development during
autumn, which may lead to susceptibility to winter frost
damage. Harvest day was simulated when maturation was
reached in the simulations.
2.4 Effects of climate change
Examples of simulated grain yield and N leaching combined
with the PDFs of CC are presented in Fig. 3. A straight-
forward method to obtain the most likely response would be
to simulate the response from the mean value of CC pro-
jection (e.g., approximately no change in precipitation and
+3 ◦C warming for 2061–2080, Fig. 3). The validity of this
method is based on an assumed linear response of grain yield
and N leaching to changes in temperature and precipitation,
which would be seen in Fig. 3 as parallel and equidistant con-
tour lines of grain yield and N leaching within the response
surface. The simulated responses are clearly not linear. We,
therefore, used an alternative method for deriving the most
likely effects of CC on yield and N leaching by calculating
a probability weighted effect of the different CC projections.
This is done by calculating the stochastic probability of cli-
mate change for each of the grid cells (Fig. 3), multiplying
it by the simulated value obtained for that grid cell and then
adding the results over the entire probability space.
Two types of simulation results are obtained: (1) average
results (Ayield,, Aleaching) and (2) probability for exceeding
a threshold value (Pyield, Pleaching). The average results give
informationonthelong-termmeaneffects, whereastheprob-
ability of exceeding threshold values gives estimates on fre-
quencies of extremes (years with high N leaching or years
with low grain yields). Threshold values of 20% reduction
in annual grain yield compared to baseline and the prob-
ability of exceeding a threshold of soil speciﬁc N leach-
ing level larger than 50kgNha−1 (LS) and 70kgNha−1 (S)
were calculated. These values correspond to current levels
of nitrate leaching from winter cereal cropping in Denmark.
The average measured N leaching from a wide range of ex-
periments in winter cereals mostly fertilized with mineral
fertilizer in Denmark showed an average annual N leach-
ing of 52kgNha−1 (Kristensen et al., 2008). Kronvang et
al. (2009) studied the N leaching from different catchments
in Denmark and found average annual N leaching from the
root zone of 78kgNha−1 for sandy soils and 47kgNha−1
for loamy soils. The thresholds chosen, therefore, represents
high N leaching rates that should not be exceeded.
The projected probability of N leaching exceeding a cer-
tain threshold (Pleaching) is calculated as:
Pleaching =
+7◦C X
T=0◦C
+30% X
P=−30%
Pclm·Pclm, leaching (1)
where Pclm is the probability calculated for a given CC pro-
jection and Pclm, leaching is the probability of N leaching ex-
ceeding the soil speciﬁc threshold value at the given CC. The
projected probability of a grain yield reduction larger than
20% compared to baseline is calculated in a similar way:
Pyield =
+7◦C X
T=0◦C
+30% X
P=−30%
Pclm·Pclm,yield (2)
where Pclm, yield is the probability of a yield reduction of
>20% compared to the average yield baseline. Average
grain yields are calculated using a similar equation substitut-
ing Pclm, yield in Eq. (2) with Aclm, yield (average simulated
grain yield) and average N leaching is found by substituting
Pclm, Leaching in Eq. (1) with Aclm, Leaching (average simulated
N leaching).
Equations(1)and(2)estimatetheprobabilityofexceeding
thresholds for individual years. However, it is also of interest
to know if projected average grain yield and N leaching ex-
ceed the above-mentioned thresholds. In this case, the prob-
ability of average N leaching exceeding a speciﬁed threshold
was calculated as:
Pleaching =
+7◦C X
T=0◦C
+30% X
P=−30%
Pclm·α
 
Aclm,leaching, Athres,leaching

(3)
α
 
Aclm,leaching, Athres,leaching

=

1 forAclm,leaching >Athres,leaching
0 otherwise
where Aclm, leaching is the average simulated N leaching
for the speciﬁed climate and Athres,leaching is the leaching
threshold, which was set to 50kgNha−1 for LS soil and
70kgNha−1 for S soil.
The probability for average grain yield being lower than
the speciﬁed thresholds of 20% less than the mean grain
yield under baseline conditions was calculated in a similar
way.
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Table 1. Mean seasonal and annual precipitation (mmy−1) corrected to soil surface and mean air temperature (◦C) of the baseline period
(1961–1990, which was scaled to the observation period 1982–2005) and the projected climate scenarios obtained for all periods for the
study area in Denmark. The change shows the difference between 2081–2100 and 1961–1990.
Precipitation (mm) Mean temperature (◦C)
Years DJF MAM JJA SON Annual DJF MAM JJA SON Annual
1961–1990 148 133 193 205 679 1.2 6.4 15.5 9.4 8.2
2001–2020 153 136 184 208 682 2.3 7.5 16.9 10.6 9.4
2011–2030 156 139 187 211 693 2.8 7.8 17.2 10.9 9.7
2021–2040 159 141 187 214 701 3.1 8.0 17.5 11.3 10.0
2031–2050 159 141 188 214 702 3.4 8.3 18.0 11.8 10.4
2041–2060 159 141 188 214 703 3.9 8.7 18.5 12.3 10.8
2051–2070 161 142 185 216 704 4.5 9.2 18.9 12.7 11.3
2061–2080 161 142 184 215 702 4.7 9.4 19.3 13.1 11.6
2071–2090 160 142 184 215 700 4.9 9.7 19.9 13.4 11.9
2081–2100 160 141 183 215 699 5.3 9.9 20.4 13.8 12.3
Change 12 8 −10 10 20 4.1 3.5 4.9 4.4 4.2
3 Results
3.1 Projected climate change
These projected seasonal changes in precipitation differed
considerably from annual changes (Table 1). There were
generally only moderate changes in projected annual precip-
itation with an increase of 20mmy−1 by 2100, which, for
method A, means that the annual precipitation increases by
3% compared with baseline (1961–1990). For the seasonal
precipitation in the periods DJF, MAM, JJA and SON the in-
creases were 12, 8, −10 and 10mmy−1, respectively. Gen-
erally, the temperature rises at nearly the same rate for all
four seasons, although there is a tendency for the largest in-
creases to occur in the summer period (JJA) and the smallest
in spring (MAM). The annual mean temperature increased
by 4.2 ◦C during the analysed period. Temperature increased
approximately linearly during the whole period. Table 1
only presents the projected mean changes in temperature
and precipitation, whereas the results of Harris et al. (2010)
used here also included the uncertainties in the projections,
and this uncertainty further increased future projections. It
should be noted that 1961–1990 was used as the baseline pe-
riod in the climate projections in Harris et al. (2010), but ob-
served data from 1982–2005 was used as the baseline period
for the crop simulations.
3.2 Effects on grain yield
Mean wheat grain yields and N leaching were simulated for
a range of combinations of temperature and precipitation
changes using methods A and B (see Sect. 2.2). The joint
response of temperature and precipitation changes (includ-
ing the change of atmospheric CO2 concentration) on grain
yields and N leaching is illustrated as contour lines in Fig. 3
for winter wheat grown on the LS soil type. The results of us-
ing methods A and B in simulation of grain yields are shown
in Fig. 3c, d, respectively. For both methods, grain yield de-
creased with increasing temperature and decreasing precip-
itation. Generally, the decrease in yield was slightly larger
for method A than method B. The distance between contour
lines indicates the sensitivity at a certain range of changes
in annual temperature and precipitation. For both methods
the reduction in yields was larger for temperature increases
between +2 to +4 ◦C than for increases from 0 to +2 ◦C.
Overlaid on the contour lines in Fig. 3 is the joint PDF for
CC (2061–2080) calculated in a similar way to that shown in
Fig. 1. Figure 4a shows mean yields and the standard devi-
ation obtained for the two soil types, S and LS, and the two
methods A and B. The mean wheat yields were obtained by
combining the simulation results (results presented as con-
tour lines in Fig. 3) with the PDF using Eq. (2). The stan-
dard deviation of the yields was calculated from a gener-
ated sample of 10000 simulation results taken as the mean
simulated results for each of the 42 combinations of the cli-
mate space replicated a number of times corresponding to
the PDF-weight of the respective grid in Fig. 1a. This stan-
dard deviation is an approximation that does not include the
variability within years and within each grid. Differences
in mean yield due to methodology are relatively small com-
pared to the uncertainty associated with the CC projections
(standard deviation shown with error bars in Fig. 4a). There
are large differences in simulated grain yield between soil
types, with the highest yields on the LS soil. The absolute
yield decrease during the period was simulated to be largest
for the LS soil, in particular during the latter part of the pe-
riod (2030 to 2090).
The probability of yield reductions in individual years
larger than 20% compared to mean yields under baseline
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Fig. 4. Mean winter wheat grain yield (a) and N leaching (b) under
projected climate for two soil types (sand S and loamy sand LS).
Results are shown for methods A and B. The error bars show the
standard deviation.
conditions (Pyield) was calculated using Eq. (2) and is shown
in Fig. 5a. The simulated grain yields under baseline
climate and CO2 concentrations (353ppm) were 3.7 and
6.1MgDMha−1 for S and LS soils, respectively, and the
corresponding simulated grain yields for 2010 were 3.3 and
6.0MgDMha−1. The change in probability of low yields is
related to changes in mean yields (Fig. 4a). A general re-
duction in average yields increases the probability of yield
reductions larger than 20%. There is a small increase in
probability of low yields for S soil and a larger increase for
LS soil. The minor increase for S is due to the lower root
zone capacity of this soil type making the crop growth on S
soils more sensitive to periods with low precipitation during
the growing season already under current climate. For LS the
largerrootzonecapacityleadstoprojectionsoflowprobabil-
ities of low yields for the decades up to 2040, but increasing
probabilities in the later decades associated with lower mean
yields and the increased uncertainty in projected grain yield,
which increases the risk of low yields (Fig. 4a).
Figure 6a shows the probabilities of average yields be-
ing lower than the threshold of 20% less than the average
of baseline yields. There is a considerably larger change in
Fig. 5. Probability of yield reductions in individual years larger
than 20% compared to mean yield simulated for baseline and prob-
ability of N leaching in individual years exceeding threshold levels
of 50kgNha−1 for loamy sand and 70kgNha−1 for sandy soils.
Results were calculated for projected climate conditions at 10-yr in-
tervals during the 21st century for the A1B emission scenario using
the two methodologies A and B.
probability of changes in mean yields than in probabilities
of low yields for individual years (compare Figs. 5a and 6a).
The probability of low average yields increased almost lin-
early over time for the LS soil from about 0 in 2010 to about
50% in 2080. For probability of low average yields for the
S soil increased at a similar rate from about 20% in 2010
to about 60% in 2050, and remained at this high level for
the rest of the period. The apparent drop in probability from
2050 to 2060 is mostly an artefact of the division into grid
cells (see Fig. 1a). It would probably not have been there if a
ﬁner grid of temperature and precipitation changes had been
used for calculating the response surface.
3.3 Effects on nitrate leaching
Simulated N leaching is affected more by temperature than
precipitation changes within the range investigated (Fig. 3a,
b). Increased precipitation leads to a small reduction in N
leaching at current temperature, but to larger leaching at
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Fig. 6. Probability of mean yield reduction larger than 20% com-
pared to yield simulated for baseline and probability of mean N
leaching exceeding threshold levels of 50kgNha−1 for loamy sand
and 70kgNha−1 for sandy soils. Results were calculated for pro-
jected climate conditions at 10-yr intervals during the 21st century
for the A1B emission scenario using methodologies A and B.
higher temperatures. Increased temperature leads to higher
N leaching, in particular, for temperature increases above
+3 ◦C.
N leaching is generally largest for S soils due to the low
root zone capacity (Fig. 4b). The uncertainty in N leaching
associated with CC projections is generally highest for the
LSsoil. ThereislittledifferenceinmeanNleachingbetween
the methods for both soil types.
The probability (Pleaching) of nitrate leaching exceed-
ing soil speciﬁc N leaching levels (70kgNha−1 for S and
50kgNha−1 for LS) for individual years was calculated
from Eq. (1) (Fig. 5b). The threshold leaching levels should
be compared with simulated mean N leaching under base-
line conditions of 41 and 21kgNha−1 for S and LS soils,
respectively. The trends over time show a small increase in
probability for high N leaching levels for S soils and a con-
siderably larger change for LS soils. There is little change in
probability of high N leaching of S soils, despite a consider-
able increase in mean N leaching over the projection period,
but this is also coupled to an increase in projection uncer-
tainty, which in this case reduces the probability of high N
leaching events.
The probability of average N leaching exceeding the
threshold increases considerably from almost zero in 2020
to about 60–70% by 2050 for LS soil (Fig. 6b), whereas the
increase is smaller for S soil, though by 2090 the probabil-
ity of mean N leaching above the soil speciﬁc thresholds is
above 40% for both soil types. The effect of the method of
application of the CC projections (A or B) varies between the
two soil types with the highest probability for method A for
the S soil and no difference between methods for the LS soil.
3.4 N fertilization and N use efﬁciency
The N fertilizer rate is directly related to expected yields us-
ing the empirical relation in Fig. 2. The changes in N fertil-
ization rates (Fig. 7a) generally follows the changes in grain
yield over time (Fig. 4a). The N rate decreases for both soils
due to a decrease in yields during the analysed period, and
there is little difference in response for the two methods.
The N use efﬁciency was calculated as the harvested N in
grain divided by the applied fertilizer N rate. The soil type
has a large effect on N use efﬁciency with N use efﬁciencies
generally less than 60% on S soil, whereas N use efﬁciency
is mostly above 80% for LS soil. There is a reduction in N
use efﬁciency over time for both soil types, but again LS is
most affected.
4 Discussion
4.1 Grain yield responses
Temperature and precipitation both greatly inﬂuence mod-
elled grain yield in winter wheat (Wolf et al., 1996). Increas-
ing temperatures reduce yield by shortening crop growth du-
ration and, thus, the period of active growth (Challinor et
al., 2004; Kristensen et al., 2011). Higher temperatures dur-
ing grain-ﬁlling will lead to particularly large yield reduc-
tions. Precipitation and temperature also affect the amount of
soil water available for transpiration. The effect of changes
in precipitation and evapotranspiration is assumed to be
larger on soils with a low root zone water-holding capacity
(i.e., higher response on shallow sandy soils compared with
deeper loamy sand soils). However, the simulations show
that absolute yield reductions under CC are larger for LS
compared with the S soils (Fig. 4a). This is a consequence
of larger yields on the LS soil and similar projected relative
yield decreases (about 30%) for the two soil types for the
entire projection period.
The simulations with the Daisy model show a nonlinear
response to temperature change that also depends on precip-
itation (Fig. 3). Under baseline climatic conditions in North-
ern Europe (Denmark), the simulations show very little re-
sponse of grain yield to changing temperature (changes of
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Fig. 7. N fertilization rate optimized to the annual mean yields and
the N use efﬁciency (N in grain harvested divided by N fertilization
rate). Results were calculated for projected climate conditions at
10-yr intervals during the 21st century for the A1B emission sce-
nario using methodologies A and B.
up to +1 ◦C). This is largely in line with empirical observa-
tions in Denmark showing yield reductions of about 3–4%
for each 1 ◦C temperature increase, but with increased yield
reductions at higher temperatures (Kristensen et al., 2011).
The yield reductions, caused by higher temperatures, are
to some extent offset by the increased CO2 concentration that
enhances photosynthesis and lowers transpiration. Because
the effect of elevated CO2 concentration shows a nonlin-
ear response with declining effects at higher concentrations
(OlesenandBindi, 2002), theyield beneﬁts ofenhancedCO2
are more pronounced in the near term than towards the end
of the projection period.
The lack of a full compensatory effect of CO2 can also
be partly attributed to the method of estimating the yield
changes in Fig. 4. These are based on a weighted average
of results from the full uncertainty range of CC projections.
Since there is a nonlinear response of grain yield to CC re-
sulting in considerably higher yield losses at increasingly
large CCs (increased temperature and lower summer precip-
itation), which results in overall lower grain yields compared
to simulated grain yield changes at the median changes in
temperature and precipitation.
The projected effects on yield and N leaching shown here
only reﬂect changes in mean temperature and rainfall. If
changes in inter-annual variability of temperature and pre-
cipitation had also been included, this might have led to in-
creased risk of low yields (Wolf et al., 1996).
4.2 N leaching responses
Simulated nitrate leaching was higher for sandy soils at
59kgNha−1 (averageovertheentireprojectionperiod)com-
pared with 41kgNha−1 for sandy loamy soils (Fig. 4b). The
difference between the two soil types agrees with measured
data from Danish ﬁeld experiments (Simmelsgaard, 1998).
Several factors related to CC affect N cycling and, thus,
N leaching in agroecosystems. Higher CO2 concentrations
lead to higher CO2 assimilation with concomitant increases
in plant C/N ratios (Soussana and L¨ uscher, 2007), higher
rhizodeposition (release of dead organic substrates from the
roots to the soil) (Bazot et al., 2008) and reduced crop tran-
spiration (Kruijt et al., 2008), which inﬂuences plant N up-
take and soil C and N dynamics (Sowerby et al., 2005).
In many environments this leads to more N-efﬁcient crops,
which reduces the risk of N leaching. However, under Dan-
ish climatic conditions N efﬁciency for winter wheat is pro-
jected to decline over time due to lower yields and especially
to increased N leaching levels.
Higher temperatures and elevated CO2 will also entail
changes in planting and harvesting times as well as in fer-
tilization rates and strategies (Olesen et al., 2007, 2011). In
the current simulations it is assumed that winter wheat would
be sown later and that fertilization rates would follow the ex-
pected yield level. This resulted in reduced N fertilizer rates
over time, in particular, for the loamy sand soils. An earlier
harvest and later planting of winter wheat may result in a pro-
longed period of bare soil in autumn, which will increase the
risk of N loss (Olesen et al., 2004), particularly in connection
with increased autumn and winter precipitation in temperate
regions (Eckersten et al., 2001).
There was a strong nonlinear response of N leaching to
changes in precipitation and temperature (Fig. 3a, b). For
method A with similar changes in precipitation this re-
sults mostly in reduced N leaching at higher precipitation
(Fig. 3a), primarily because reductions in summer precipi-
tation can cause crop failure and low N uptake that increases
risk of N leaching. The same was seen for method B, even
though this produced larger increases in winter than in sum-
mer precipitation. Increased N leaching was simulated only
at high precipitation. This effect only showed up as increased
N leaching at high precipitation for large increases in temper-
ature. However, in total, there is little difference between the
two methods in projected mean N leaching and probability
of exceeding the leaching thresholds.
Warming is expected to increase soil organic matter
turnover provided sufﬁcient water is available, and experi-
ments have shown that increases in net N mineralisation rates
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may be considerably higher than the increases in soil respi-
ration (Rustad et al., 2001). A longer period in autumn with
bare soil under a warmer climate (Olesen et al., 2004) – in
combination with increased soil organic matter turnover due
to higher temperatures (Turner and Henry, 2010) – may in-
crease the risk of N loss, in particular through N leaching.
This is probably the main reason for the increased risk of N
leaching at higher temperatures (Fig. 3a, b).
The projected increase in nitrate leaching with higher tem-
peratures is in line with an independent simulation study by
Patil et al. (2011) that showed increasing N leaching from
winter wheat in Denmark with increasing temperature, in
particular, for a sandy loam soil at temperature increases of
above 2 ◦C. They also found higher simulated soil mineral
N concentrations at crop harvest and, thus, higher risk of N
leaching during winter, which was ascribed to less N uptake
by the crop and increased N mineralisation from soil organic
matter.
The increasing uncertainty in CC projections with longer
projectiontimesisprobablythereasonwhytheprobabilityof
high N leaching does not increase for S soils towards the end
of the century, even though the weighted mean N leaching
increases (Figs. 4, 5).
4.3 Sources of uncertainty
The methodology for applying CC projections had little ef-
fect on projections of both grain yield and N leaching and
this effect can, therefore, be largely ignored. The reason for
the small response to method for constructing the response
surfaces was probably that the model responded mostly to
changes in temperature and less so to changes in precipita-
tion, and the seasonal changes in climate change projections
were greater for precipitation than for temperature (Table 1).
The projections of probabilities of low yields or high N
leaching showed little response over time for S soil where
individual years was concerned (Fig. 5), whereas there was
a considerable increase over time in the probability of mean
values of grain yield and N leaching exceeding the thresh-
olds (Fig. 6). For the LS soil, the probability of exceeding
the threshold increased considerably more over time for the
mean values of both grain yield and N leaching than for the
assessment of individual years. These differences between
responses of probabilities for individual years and for av-
erage responses reﬂect changes in both average grain yield
and N leaching and in the uncertainty of their predictions. A
more uncertain prediction will tend to reduce the probability
for exceedance for individual years, but to increase it for the
average response.
The uncertainty in CC projections was found to be the
dominating source of uncertainty for the projections of grain
yield. The uncertainty of CC projections on grain yield and
N leaching was generally highest for LS soil. The larger un-
certainty in projected yield for LS is most likely caused by
the higher yield level. Because the uncertainty in projected
temperature and precipitation increases over time, there is
also an increase in the uncertainty of simulated yield and N
leaching during the projection period (Fig. 4).
The methodology had little effect on average projected
grain yield or N leaching (Fig. 4) for both soil types. The
only effect was found for the probability of high mean N
leaching for S soil (Fig. 6b). Neither of the two methods
of applying climate projections considered changes in fre-
quency of dry and wet periods, which may affect both N
leaching and crop yield, although the response is likely to
be small (Patil et al., 2010). As for the observed effects of
changes in mean precipitation, any changes in precipitation
intensity and duration of dry periods would be expected to be
most severe for the sandy loam soils. It would be expected
that using seasonally corrected CC should give the most re-
liable projections of changes in grain yield and N leaching.
However, the effect seems to be small compared to the un-
certainty associated with CC projections.
An additional uncertainty related to the methodology con-
cerns the use of a grid of ﬁxed changes at regular intervals
of temperature and precipitation (Fig. 1a). The resolution of
this grid (i.e., the spacing of the intervals) will affect the es-
timated mean yield, their variability and also the estimated
probabilities of exceedance of thresholds. The effect of grid
resolutionwas notassessedin this study. However, it islikely
thatatleastsomeofthevariationovertimeinestimatedprob-
ability of low mean yield for the S soil is associated with the
grid resolution (Fig. 6a). The grid resolution should reﬂect
the main sensitivity of the model in response to the environ-
mental variables. In our case, it would mean that a higher
grid resolution is required for temperature than for rainfall
(Fig. 3). It would probably have been advisable to have used
a grid resolution of 0.5 ◦C instead of the 1 ◦C that was actu-
ally applied.
TwotypicalDanishsoiltypeswerechosentorepresentsoil
type effects on crop yields and N leaching under CC. The or-
ganic matter content is relatively high for soils in Denmark
compared to arable soils in warmer regions of Europe. Since
soil organic matter inﬂuences the N cycling through the con-
tribution of mineralisation of organic N, the high mineralisa-
tion rates under warmer climates may partly explain the rel-
atively high N use efﬁciencies and relatively high N leaching
levels obtained in this study (Fig. 7b and Fig. 4b, respec-
tively).
5 Conclusions
A new method for obtaining probabilistic CC projections of
N leaching and grain yield due to climate change was applied
for winter wheat in Denmark. The method involves simulat-
ing the response of crop growth and N leaching to systematic
variations in temperature and precipitation using a dynamic
crop model (Daisy). The resulting response surface is then
combined with probabilistic projections of CC for different
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future periods. The uncertainty of future CC, represented
by probabilistic projections, was found to be the dominat-
ing source of the uncertainty in simulations of yield and N
leaching. Different methodologies to apply seasonal CC pro-
jections to produce impact response surfaces were tested and
estimates of uncertainties in projected grain yield and leach-
ing were obtained. Compared to the CC projections them-
selves, the methods of applying projections had only a minor
effect on N leaching and grain yield. We found that the un-
certainty in CC had a higher impact on LS soil than on S
soils due to generally higher yield levels for LS soils. Winter
wheat grain yields were projected to decline over time and N
leaching to increase. Probability of high grain yield reduc-
tions and low N leaching followed the trends in mean yields
and mean N leaching.
Appendix A
The photosynthesis in Daisy is calculated using a light sat-
uration response curve. However, the effect of CO2 con-
centration is not included in the standard Daisy model. The
response of light saturated photosynthesis rate (Fm) and ini-
tial light use efﬁciency (ε) to atmospheric CO2 concentration
was calculated from Goudriaan et al. (1985):
Fm =
Ca−0
Cr−0
gC Fmr (A1)
ε=
Ca−0
Ca+20
ε0 (A2)
where Ca is the atmospheric CO2 concentration (ppm), Cr
is the reference CO2 concentration, which is set to 353ppm
corresponding to the average atmospheric CO2 concentration
in 1990 (Houghton et al., 2001), 0 is the CO2 compensation
point (ppm), Fmr is the light saturated photosynthesis rate
at the reference CO2 concentration, and ε0 is the reference
initial light use efﬁciency.
The CO2 compensation point depends on temperature.
However, 0 was set to 25 corresponding to 18 ◦C (Medlyn
et al., 1999). ε was set to 0.05gCO2 W−1 h−1 at 353ppm,
giving a ε0 of 0.0615g CO2 W−1 h−1. Fm was assumed to
be optimal at temperatures from 10 to 25 ◦C and to decline
linearly with temperature from 25 to 35 ◦C. The increase in
Fm was linear with temperatures from 2 to 10 ◦C. Fmr was
assumed to depend on speciﬁc leaf area index (Penning de
Vries et al., 1989), and set to 5gCO2 m−2 h−1.
gC is the ratio of stomatal conductance at Ca relative to
Cr. This functional response of gC to changes in atmo-
spheric CO2 concentration was estimated based on data from
soybean (Ainsworth et al., 2002) and wheat (Kimball et al.,
2002):
gC =0.3+247/Ca (A3)
ThephotosynthesisinDaisyisreducediftheNconcentration
in green leaves is below a critical level. The minimum, max-
imum and critical N concentrations of all vegetative plant or-
gans were all reduced by 20% for a doubling of CO2 con-
centration (Soussana et al., 1996). The shape of the response
curve was assumed to be the same as for stomatal conduc-
tance:
α = 0.6+141/Ca (A4)
where α is the relative effect of CO2 on N concentrations.
The speciﬁc leaf area will also be reduced with increasing
CO2 concentration. However, this response is slightly less
than for N concentrations (Wand et al., 1999; Kimball et al.,
2002), and the following function was used:
β = 0.67+117/Ca (A5)
where β is the relative effect of CO2 on speciﬁc leaf area.
The potential transpiration was reduced with increasing
CO2 concentrations according to the function proposed by
Olesen et al. (2000). This relation reduced the transpiration
by about 10% for a doubling of current atmospheric CO2
concentration.
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